ABSTRACT: The goals of this and following studies were to describe how nauplii of related calanoid copepods gather and ingest phytoplankton cells, and to compare their feeding behavior with that of copepodids and adult females of the same species. Nauplii of the calanoids Eucalanus pileatus and E. crassus draw particles towards themselves creating a feeding current. They actively capture diatoms > 10 pm width with oriented movements of their second antennae and mandibles. The cells are displaced toward the median posterior of the mouth and then are moved anteriorly for ingestion. The nauplii gather, actively capture, and ingest particles using 2 pairs of appendages, whereas copepodids and females use at least 4 of their 5 pairs of appendages (second antennae, maxillipeds, first and second maxillae) to accomplish the same task. These nauplii are not able to passively capture small cells efficiently like copepodids and females because they lack a fixture similar to the second maxillae. Gathering and ingestion by late nauplii of E. crassus and E. pileatus require together an average of 183 ms for a cell of Thalassiosira weissflogii ( l 2 pm width) and 1.17 S fox Rhizosolenia alata (150 to 500 pm length). Although na.uplii of related species show little difference in appendage morphology, they differ markedly in feeding and swimming behavior. Their behavior is partly reflected in the behavior of copepodids and adult females.
INTRODUCTION
The significance of calanoid copepods in marine ecosystems has been addressed in numerous publications (e.g. Steele 1974 , Frost 1987 . Many of these publications focused on the quantification of rate processes in which calanoids play a major role, e.g. consumption of particulate matter, secondary production, and excretion of nitrogenous compounds. Contrarily, quantitative studies to determine how calanoids exist in the ocean, e.g. species-specific swimming , escape and feeding behavior, have been rare (see Gauld 1966 , Strickler 1984 for comparative observations). Processes involving food gathering and ingestion of marine calanoid females have been described for less than 10 species (Alcaraz et al. 1980 , Koehl & Strickler 1981 , Price et al. 1983 , Price & Paffenhofer 1986a . Among the various stages of a calanoid copepod's life cycle nauplii appear to be the most sensitive, because their stage-specific mortality is higher than that of copepodids or adults (e.g. Paffenhofer 1970 ). Several attempts have been made to describe the feeding processes of calanoid nauplii (Storch 1928 , Gauld 1958 , Marshal1 & Orr 1956 , Fernandez 1979 . Their observa-O Inter-Research/Printed in F. R. Germany tions, however, differed considerably. It appears that we do not yet fully understand how any calanoid nauplius gather and ingests food.
The immediate goals of our study were to demonstrate how nauplii of several related species gather and ingest phytoplankton cells, and compare these results with the feeding behavior of copepodids and adult females of the same species.
MATERIAL AND METHODS
Most of our investigations were conducted with late naupliar stages of Eucalanus pileatus, which is one of the characteristic calanoid species on the southeastern shelf of the USA (Bowman 1971) . For comparison we investigated the oceanic Eucalanus hyalinus (Fleminger 1973 ) and E. crassus. Most of our observations were based on microcinematography of either tethered or free-swimming specimens. The nauplii were reared in the laboratory and usually preconditioned for 48 to 72 h to the food offered (diatom Thalassiosira weissflogii, 12 pm cell width ; Rhizosolenia alata, 25 to 40 pm cell width, 150 to 500 ym cell length) usualIy at concentrations near 1.0 mm3 I-'. Algal concentrations were determined using an inverted microscope (Paffenhofer 1984) . Concentrations between 1.0 and 3.0 mm3 1-' of phytoplankton were chosen because these concentrations are close to those found in upwelled water masses in which nauplii of E pileatus are abundant ). E. hyalinus reproduces rapidly at similar food concentrations in the upper 100 m (Cowles et al. 1987) . We assumed that nauplii would occur in the same stratum as adult females. Nauplii were tethered several hours prior to filming. All studies were conducted at 20 "C. The filming equipment used has been described by Alcaraz et al. (1980) . For comparative purposes we filmed early copepodid stages of E. pileatus and E, hyalinus. Films were made at 125 or 250 frames S-' which resulted in 32 or 16 S film-', respectively. All films were taken between midday and late afternoon. They were analyzed using a Vanguard Motion analyzer to determine the following variables: food gathering and ingestion behavior, routes and velocities of algal cells drawn towards the copepods, frequency of appendage motion, and lengths of active and passive (no appendage motion) periods. changing the focus continuously from the tips to the hases of LM: mouth; leAl. left first antennae. Numbers are frame numthese appendages over several seconds. Numbers are frame bers. Time between frames is 4 ms numbers; EX: exopod; EN: endopod
RESULTS
First, we describe the motion of the appendages of tethered late nauplii of Eucalanus pileatus, and then describe the gathering of algal cells by tethered and free-swimming nauplii. Finally, we compare several variables affecting the feedlng behavior of juven~les of E. pileatus and E. hyalinus.
Eucalanus pileatus nauplii have 2 pairs of appendages which enable them to swim: the second antennae (A2) and the mandibles (Md). Nauplius stages 4 to 6 (N4 to 6) of E. pileatus move these appendages continuously in a manner which results in very slow swimming and creation of a weak feeding current ( Fig.  1 ): left appendages move clockwise, right appendages counter-clockwise when viewed ventrally. One pair of appendages would be insufficient to create a directed feeding current. Close observation reveals that the velocity of movement of these appendages varies during a cycle (Fig. 2) . The cycle starts with frame 1, ends at 16, and lasts 64 ms. The view is ventro-laterally, perpendicular to the nauplius' body axis. The dots As the left A2 moves away from the right A2 its velocity does not change (frames 1 to 7); velocity increases slightly as the A2 and Md move towards each other (frames 7 to 10) and increases markedly as the A2 move away from the Md (frames 12 to 14) followed by deceleration (14 to 16 to 1). During the same time the Md travel only about one-third of the distance traveled by the A2. Circular or ellipsoidal motion of the 4 appendages at changing velocities would probably not result in the net displacement of water towards and past the nauplius. A feeding current is created mainly by 3-dimensional asymmetric motions of the A2 (Fig. 3 , right A2 and Md out of focus): as the right and left A2 move apart from each other, their endo-and exopods move in a plane perpendicular to their motion, pulling in water between them (frames 1 to 7 , Fig. 3 ). When A2 and Md move towards each other, the A2 pass through the water in a cutting manner (exo-is following endopod) creating little resistance and drag (frames 7 to 10), and therefore displacing only small amounts of water away from the nauplius. The same occurs when the left and right A2 move towards each other (frames 10 to 12). This is followed by the A2 moving rapidly away from the Md (frames 12 to 14) pulling water in between these 2 appendages. Thus, to displace water towards itself the nauplius utdizes both A2 (frames 1 to 7), and each A2 with its respective Md (frames 12 to 14). The procedure used to gather and capture an algal cell perceived by the nauplius (Fig. 4) is similar to that used by adult females (Paffenhofer et al. 1982) . As an example, we present an entire sequence from prior to the sensing of a cell of Thalassiosira weissflogii to its ingestion by a Eucalanus pileatus N6 viewed ventrally Fig. 5 . Eucalanus crassus. Latero-ventral mew of an N6 Gathenng and capture of a chain of 2 Thalassiosira weissflogil cells (Fig. 4 ) . First, the entire route of that algal cell from perception to ingestion is shown (Fig. 4a) . Next are the positions when the 2 pairs of appendages are closest to ( Fig. 4b ) and farthest apart from each other (Fig. 4c ) when no algae are sensed or gathered. The position of left and right appendages are here symmetrical. The time elapsed between 2 frames is 4 ms. We could usually recognize the endo-and exopod of the left Md, and the right and left A2. The nauplius began its gathering efforts near frame 26 by unusual motions of its right A2 (Fig. 4d) . The cell, being in about the same plane as the appendages, was then displaced towards the nauplius' posterior by coordinated motions of the right A2 and Md (Fig. 4e) , and eventually was moved anteriorly (frames 44 to 49). The nauplius' behavioral response to the sensed cell is again seen by different positions of the right A2 and Md compared to their left counterparts (Fig. 4f) . Further appendage motions (Fig.  4g , h, i, fram.es 49 to 82) moved the cell close to the nauplius' body, but not much closer to its mouth, untd the combined inward motion of both Md, in particular their endopods, displaced the cell anteriorly (Fig. 4i , frames 82 to 86). During the ensuing motion of the appendage the cell was displaced counter-clockwise and arrived at the labrum (L, Fig. 4j, k) . Then 19 frames (76 ms) elapsed before it was brought into the mouth (Fig. 41, frame 114 ). The period from the nauplius' response to cell sensing (frame 26) to its ingestion (frame 114) was 348 ms. The average period from response to ingestion of a T. weissflogii cell by N5/6 is 183 t 21 ms (standard error, n = 16). Most algal cells captured by a Eucalanus crassus nauplius are displaced towards it by a feeding current (Fig. 5 , the same as observed for E. pileatus N). The velocity at which cells are transported towards the nauplius increased with increasing proximity. In this case (Fig. 5 ) the chain of 2 Thalassiosira weissflogii cells was transported at 0.43 mm S-' (frames 0 to 25, ca 1 mm away from nauplius' mouth) and attained 1.11 mm S -' just prior to being sensed (frames 150 to 162). After being perceived (chain is 118 pm away from tip of A2) the chain was rapidly displaced posteriorly towards the Md (frames 162 to 166) at 4.7 mm S-'. then was brought forward towards the mouth mainly by motions of the Md and disappeared (was ingested) after frame 176. Cells outside of the cone of feeding current (the dots ventrally of the A l ) were displaced slowly, here at 0.13 mm S-', and were presumably not perceived by the nauplius.
Late naupliar stages of Eucalanus crassus and E. pileatus can capture and ingest phytoplankton cells almost as long as the nauplius itself. In the example given here (Fig. 6) , an E. crassus N6 displaced a Rhizosolenia alata cell of 32 pm width, and 201 tlm length (without spines) towards itself with velocity . By motions of the Md endopods and both A2, the cell was then moved anteriorly, always at a near right angle to the nauplius' body. Ingestion started 448 ms after the cell was perceived and was completed in 728 ms, thus amounting to a total of 1176 ms. The average time from perception to 100 % ingestion of a R. alata cell was 1170 k 189 ms (standard error, n = 10). R. alata cell ingestions require more time because these cells must be repeatedly repositioned to a favorable ingestionangle using 2 so-called 'masticatory' hooks on each A2's coxopod (Bjornberg 1967) . Observations of free-swimming nauplii confirmed the existence of a feeding current (Fig. 7 , and observations on Eucalanus pileatus nauplii). At a distance of about 0.8 mm from the nauplius' mouth (frames 0 to 50), the cell velocity ranged from 0.2 to 0.4 mm S-', and increased to up to 1.25 to 2 mm S-' (Fig. 7 , frames 175 to 187). During this period the nauplius swam in various directions, attaining a maximum speed of 0.87 mm S-'. Other free-swimming nauplij. of E. pileatus and E, crassus also showed multidirectional swimming behavior. Nauplii of the oceanic E. hyalinus, however, do not appear to create a feeding current. Their approach to encountered food particles seems to be limited to forward and circular swimming. Late nauplii of Eucalanus pileatus (N5 to 6 ) are characterized by continuous motions of their appendages (Table 1) irrespective of whether they were tethered or free-swimming. Their appendage frequencies did not differ significantly (Mann-Whitney U-test, p > 0.20). Its first copepodid stage ( C l ) , however, spent on average one-third of its time idle and moved its appendages significantly faster than the nauplii (p < 0.01). Late nauplii and early copepodids of the oceanic E. hyalinus spent on average 56 and 78 %, respectively, of their time idle (Table 1) . Here appendage frequencies differed greatly between N5/6 and C1/2 (p < 0.01).
They both have in common relatively short active and passive periods. These data indicate pronounced differences in the appendage motion behavior within and between 2 closely related calanoid species.
DISCUSSION
Morphology, anatomy, function of appendages and behavior of nauplii of various crustacean species have been recently compared and discussed (Fryer 1986 ). It became obvious that our knowledge on the behavior of the most abundant metazoan, the nauplius (Fryer 1986) , is restricted to a few observations on living specimens (e.g. Gauld 1958 , Fryer 1983 , Bjornberg 1986 ; the scarcity of information includes nauplii of calanoid copepods. Previous evidence on food gathering of calanoid nauplii is controversial: nauplii of Diaptomus gracilis use their A2 and Md to create, through rhythmic vibration, continuous currents which direct particles towards the mouth nearby which these particles would be retained by filtration (Storch 1928) . Gauld (1958) found no evidence of particle transportation to the mouth by water currents by calanoid nauplii. The naupliar A2 would serve mainly as locomotory organs, and the Md for food collection but also participate in locomotion.
Most of our evidence on nauplii of Eucalanus pileatus, E. crassus and E. hyalinus comes from numerous cinematographic observations of tethered and freeswimming specimens. The first 2 species create a current using coordinated motions of the A2 and Md (Figs. 1 and 2 ). This current is largely due to the asymmetrical, 3-dimensional and continuous motions of the A2 (Figs. 2 and 3 ). In this current particles are transported towards the nauplius, and are actively gathered by oriented responses of the A2 and the Md (Fig. 3) . This active gathering behavior resembles that of adult females of E. pileatus and E. crassus (Paffenhofer et al. 1982 ). It appears that phytoplankton cells are perceived at a certain distance from the nauplius' body. Nauplii of E. crassus and E, pileatus respond to Thalassiosira weissflogii and Rhizosolenia alata when they are on average 92 and 276 pm, respectively, away from the tips of their A2 and Md. For comparison, adult females of E. pileatus react to incoming phytoplankton cells when they are as far away as 1250 pm (Strickler 1982) . We assume the following scenario for cell perception by E. pileatus/crassus nauplii: since chemoreceptors have been found on distal parts of setae of calanoid mouthparts (Friedman & Strickler 1975) , and the length of setae of the A2 and Md of our nauplii ranged from about 90 to 310 pm, (mm"-') 0.98 to 1.1 1.0 1.0 to 3 p 1.0 to 3 0 1.0 to 3.0 n; number of individuals studied k : 95 % confidence limlts these nauplii sensed phytoplankton cells (T. weissflogii and R. alata) in the immediate proximity of these setae, i.e. only a few pm away. In theory, the distance at which calanoids perceive phytoplankton cells should decrease with decreasing velocity of the feeding current because of a reduction of the deformed space around the cell (Andrews 1983) . The feeding currents of our nauplii were weak in comparison to those of their adult females. Since the feeding currents of nauplii of E. crassus/pileatus approach ventrally, they cannot use their first antennae (Al) to perceive approaching particles as copepodids and females seem to be able to do (Strickler 1982) . Thus, long-distance perception of phytoplankton cells, a s observed for adult females, does not appear to be in the repertoire of these nauplii. Although nauplii, copepodids and adult females can gather and ingest elongated particles, such as diatoms of the genus Rhizosolenia, we observed some distinct differences: while adult females of E. crassus use the endites of their first maxillae to position a R. alata cell at their mouth (Paffenhofer et al. 1982) , nauplii of this species use so-called 'masticating hooks' of the A2 to position R. alata prior to ingestion, and re-position them during this process. These hooks disappear when the nauplius molts to C l . While all feeding stages of E. pileatus have the active feeding mode in common, nauplii do not feed passively llke copepodids and adult females (Price et al. 1983) . They lack the second maxillae (M2), or a simllar structure, to passively collect small particles (Price & Paffenhofer 1986a) . Therefore, their spectrum of utilizable food sizes should be narrower than that of a copepodid stage 1 which is similar in size (Fernandez 1979, p. 140, Calanus pacificus) . The food-gathering behavior described for nauplii of Eucalanus pileafus and E. crassus, however, does not necessarily apply to nauplii of all other species of planktonic copepods. Observations by Uchima & Hirano (1986) on the food of nauplii of the cyclopoid Oithona davisae lead us to hypothesize that they almost exclusively perceive and gather motile particles. Nauplii of the cyclopoid Oncaea sp. are motionless most of the time and do not create feeding currents; similar to nauplii of 0. davisae, they ingest few diatoms but many flagellates of a similar volume (pers. obs.). We assume that these cyclopoid nauplii perceive their food mainly wlth mechanosensors, while Eucalanus nauplii use mostly chemosensors. So far there appear to be 3 types of behavior of free-swimming copepod nauplii for encountering food particles: (1) by swimming (e.g. E. hyalinus), (2) by letting the food come towards themselves (e.g. Oncaea sp.), and (3) by swimming, and displacing food towards themselves with a feeding current (e.g. E. pileatus and E. crassus).
While morphological differences of appendages between late copepodids/adult females of different calanoid species can b e pronounced, e.g. comparing the maxillipeds of Acartia tonsa with those of Paracalanus parvus and Eucalanus pileatus, few differences are found in the appendages of their nauplii (A2 and Md). Small morphological differences, however, do not preclude behavioral differences. Nauplii may be similar in size, or closely related like those of E. pileatus and E. hyalinus, but differ in species-specific behavior (Table 1) : whereas N5 and N6 of E, pileatus move their inouthparts continuously at about 16 Hz, E. hyalinus N4 to 6 move them only 56 % of the time and a t 4.8 Hz.
By comparison, adult females of Eucalanus pileatus take infrequent breaks (move appendages almost continuously), whereas those of E. hyalinus spend as much as 70 % of their time without appendage movement (Price & Paffenhofer 1986b ). This similarity in behavior between nauplius and adult female indicates that certain behaviors are indeed species-specific, while others, such as capture of large phytoplankton cells with oriented appendage motions, are not. Swimming, at least in quite a number of calanoids, contributes to finding food particles, but has received little attention in this article. To include this variable, our future studies on intra-and interspecific comparisons of copepod feeding behavior will focus on free-swimming organisms.
To understand the significance of calanoid copepods in aquatic ecosystems, a thorough knowledge, not only of the behavior of adult stages, but also that of juveniles is required. The percentage of nauplii which reach older stages and adulthood determines that species' contribution to, impact on, and survival of the species within its respective ecosystem.
